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Walking trials

169
All tests were carried out on the Warwick Footbridge -a steel-concrete composite laboratory 170 footbridge at the University of Warwick, UK, shown in Figure 3 . The bridge is a unique 171 laboratory structure purpose-built with a natural frequency in the vertical direction that can be 172 matched by pacing rate, making it an ideal facility for studying HSI. The simply-supported 173 span length of the bridge is adjustable, but was kept constant throughout the tests at 16.2 m.
174
The bridge is 2 m wide, with a clear walkway track down the centre. The bridge mass is 175 approximately 16500 kg, and the modal mass of the first bending mode is 7614 kg with natural 176 frequency of about 2.43 Hz [39] . As a unique facility, it has already been used considerably for the study of human-induced vibration [23] .
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182
The tests comprised of walking at 2.4 Hz to excite the resonance by the first forcing harmonic, pacing frequency range of a pedestrian (1.6-2.4 Hz). In this paper, the pacing-to-bridge 186 frequency ratio ( = fp/fb) is used, and so β  {0.5, 0.87, 1.0}.
188
Five test subjects (4 male, 1 female), weighing from 543 N to 1117 N participated in the 189 experiments. The test subject-to-bridge mass ratio, m = mp/mb ranged from 0.33-0.7% and it
190
will be used later to discuss the results for each test subject. For each trial, test subjects walked 
Data acquisition
203
To record input forces and output accelerations data, a test set-up was designed as shown in was not used to trigger recording, rather its voltage output was recorded to identify the time 212 window when the test subject was occupying the bridge. Thus, when the test subject was 213 visually observed to be at the end of the footbridge a further trigger signal was given, changing 214 the trigger output voltage, though data continued to be collected (e.g. free-vibration). Figure 6 frequency ratio of 1. This specific test subject, trial, and frequency ratio will be used as a 217 running example through the paper. 
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230
To determine the bridge damping, an exponential decay curve is fitted (using least-squares) to This paper has been published under the following reference: Ahmadi, E., Caprani, C., Živanović, S., Evans, N. and Heidarpour, A. (2018) A framework for quantification of human-structure interaction in vertical direction. 
Measured vibration responses
247
The mid-span acceleration response of the bridge to a walking trial, in which a test subject 248 walked at 2.4 Hz (hereafter referred to as the exemplary test subject and trial), is illustrated in 249 Figure 8a . Noise in the measured signal was removed using a low-pass 4th order Butterworth filter with cut-off frequency of 10 Hz. The cut-off frequency of 10 Hz is more than four times 251 the bridge fundamental frequency and so the results will not be influenced by the filter roll-off.
252
The corresponding power spectrum density (PSD) of the acceleration signal, shown in Figure   253 8b, reveals that most of the response energy is concentrated at the first vibration mode of the 254 bridge. exemplary test subject (trial of Figure 6 ).
260
The maximum response for each acceleration signal is selected as the response metric. Table 1 261 summarizes the maximum acceleration response, amax, for each test subject, pacing frequency,
262
and trial. The maximum accelerations from Table 1 can be compared with the limits in the This paper has been published under the following reference: Ahmadi, E., Caprani, C., Živanović, S., Evans, N. and Heidarpour, A. (2018) A framework for quantification of human-structure interaction in vertical direction. 
GRFs signal acquisition and processing
272
To measure the GRFs on both the rigid and flexible surfaces during walking, a novel were integrated to determine force time histories for each foot allowing detailed gait analysis.
276
TekScan F-scan in-shoe sensors, pressure distribution, and bridge surface force signals, GBS,
277
of left and right feet for the exemplary test subject are shown in Figure 9 . 
299
The TekScan software supports five methods for calibrating sensors: point calibration, step 300 calibration, walk calibration, frame calibration, and two-point calibration. All of these methods
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Dynamic load factors
329
Walking forces are commonly described using a Fourier series [24] :
where Wp = mpg; mp is the pedestrian mass; g is the acceleration due to gravity; fp is the pacing 332 frequency; and DLFk is the dynamic load factor for the kth harmonic. The phase angle of the 333 kth harmonic is denoted by φk , and r represents total number of harmonics considered. In this
334
This This of what amount of HSI is to be characterized as "self-excited".
Simulated and measured vibration response
386
The analytical model used to simulate vibration response is shown in Figure 14 . The pedestrian 387 is modelled as a force moving at constant velocity and the bridge is modelled as a simply- force, G(t), moving at the actual average velocity as recorded in each trial is used in simulations.
390
As previously mentioned, the bridge frequency and damping are amplitude-dependent, and this 391 is considered in the numerical model. the bridge in physical coordinates at any location is given by:
where the mode shape can be approximated by a half-sine function [49]:
where L is the bridge length. Figure 15a shows the measured vibration response and simulated 
423
The maximum of each acceleration time history, amax, is used as a response metric. Maximum 424 root-mean-square (RMS) could be used instead, but is directly proportional to the peak the BS response for almost all test subjects except for the test subject with mass ratio 0.70%.
440
The BS response is significantly larger than the measured response for all cases at frequency and 33%, respectively (see Figure 16c ).
446
The overestimation of vibration response as a result of ignoring both HSI forms may lead to 447 vibration serviceability assessment failure of a bridge, while it may in truth be serviceable.
448
Both S2HI and H2SI effects increase as frequency ratio and mass ratio increase (Figure 16c ).
449
For S2HI, it means that its influence on the walking force acting on the bridge surface increases,
450
both as the vibration amplitude tends to increase and as the test subject gets heavier. For H2SI,
451
the effects of the test subjects' mass and pacing frequency support the hypothesis that the 452 human body can act as a dynamic absorber. When the pacing frequency of the test subject
453
(absorber frequency) is close to the bridge frequency, the energy dissipated by the pedestrian
28
increases. Also, as the test subject (absorber) gets heavier, it seems that more energy is damped 455 out of the bridge. 
Statistical Tests
462
In section 4.2, it was shown that the differences between mean responses are large at resonance. 
Parametric test (hypothesis test)
478
A parametric test makes assumptions about the underlying distribution of the population from 
2) H2SI: To test the difference between the two samples for each form of HSI (see Figure 2 and 506 equations (6) and (7)), the two-sided independent sample Student's t-test is used, with equal 507 variances assumed for both populations. 
530
The first type of error is measurement error. where XBM is the benchmark value for the parameter, X. For the bridge damping and frequency, 550 the free vibration results at the end of each trial were taken as the benchmark values, which is reasonable since any a is extremely small as noted above. Thus, the errors are estimated for 552 the bridge damping and frequency using equation (8). Kernel density estimation is then used 553 to estimate the PDF of the errors for each variable [51] . Figure 18 shows the PDFs of the errors 554 for bridge frequency and damping. Figure 19a shows the histogram of ij for all trials, and Figure 19b illustrates the probability 566 density of the relative errors using Kernel density estimation [51] . As a conservative estimation 567 of the Tekscan error, this probability density function is used to generate relative random errors, 568 i  , which are employed to generate random representative force plate footsteps:
Finally, randomly generated representative force plate footsteps are combined to create a 571 continuous force plate GRF. 
595
To quantify the HSI effect, the relative difference between the vibration responses is defined 596 based again on Figure 2 . Thus, for S2HI we have:
598 and for H2SI: Number of MCS
RS response BS response Measured response
This paper has been published under the following reference: Ahmadi, E., Caprani, C., Živanović, S., Evans, N. and Heidarpour, A. (2018) A framework for quantification of human-structure interaction in vertical direction. indicating the relative influence of HSI. The grey filled areas represent the probability of HSI 606 non-existence or negative effect (negative side of the probability curves). In this example, this 607 probability is 20% and 5% for S2HI and H2SI respectively, again reflecting that both are likely 608 to exist and that H2SI is by far the stronger effect.
610
Figure 21 Probability density for the exemplary test subject at resonance for (a) S2HI (b) H2SI.
612 613
The effects of both HSI forms on vibration response can be given as: response is 67% of that estimated using rigid surface GRFs and a moving force numerical 623 model (even allowing for amplitude-dependent damping). Table 6 shows these results for each 624 test subject for the case at resonance only, since this is when HSI has most effect. The results
625
show that HSI has a significant effect, and it increases with mass ratio. In this paper, the human-structure interaction phenomenon was quantified using a novel 633 experimental-numerical approach. The imparted footfall force to both rigid and bridge surface 634 was measured along with the resulting bridge response. The moving force model was adopted
635
to simulate vibration as a commonly-used model in design codes which ignores human-636 structure interaction. The difference between simulated and measured responses as well as the difference between dynamic load factors of the forces on the rigid and bridge surface were used 638 as criteria to evaluate HSI existence.
640
It was found that human-structure dynamic interaction is associated both with the forces that 641 excite the structure (S2HI) and with the corresponding influence of humans on the dynamic 642 properties of the structure they occupy (H2SI). H2SI is found to be a far stronger influence than 643 S2HI for the bridge studied. The intensity of both S2HI and H2SI is found to increase as the 644 mass ratio between the human and structure increases. At resonance, where vibration amplitude 645 reaches its peak, the HSI effects are the most pronounced. The Warwick Bridge has a low pedestrian-to-bridge mass ratio, up to 0.7% in this study. For 656 bridges with higher mass ratios, the intensity of H2SI might be even more significant and 657 pedestrian effects on dynamic properties of the system could be even more pronounced than 658 bridge vibration effects on pedestrian walking force.
660
This study is a beneficial step forward towards quantifying HSI. It introduces a novel 661 framework which is a combination of an experimental and numerical approach to investigate 662 This paper has been published under the following reference: Ahmadi, E., Caprani, C., Živanović, S., Evans, N. and Heidarpour, A. (2018) A framework for quantification of human-structure interaction in vertical direction. 
